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We report on the systematic evolution of normal-state properties and superconducting char- 
acteristics in filled-skutterudite compounds (Pri_ a; La :E )Os4Sbi2 determined using Sb nuclear- 
quadrupole-resonance (NQR) experiments. The Sb-NQR spectra in these compounds have split 
into two sets, arising from different Sbi2 cages containing either Pr or La, which enables us to 
measure two kinds of nuclear spin-lattice relaxation time T\ r and T\ . In the normal state, 
the temperature (T) dependence of l/T 1 Pr T showed almost the same behavior as that for pure 
PrOs4Sbi2 regardless of the increase in La content. In contrast, l/T 1 L<l r markedly decreases 
with increasing La concentration. These results show that 4/ 2 -derived magnetic fluctuations 
are almost localized at the Pr site. In the superconducting state for Pr-rich compounds of 
x = 0.05 and 0.2, l/T-f r exponentially decreases down to T = 0.7 K with no coherence peak 
below T c as well as in PrOs4Sbi2. A remarkable finding is that the residual density of states 
(RDOS) at the Fermi level below T c is induced by La substitution for Pr. The impurity effect, 
usually observed in unconventional superconductors with a line-node gap, may not be the ori- 
gin of the RDOS induced by the La substitution, since RDOS does not increase and T c does 
not decrease with increasing La content. RDOS is more naturally explained if a small part 
(~ 5.5%) of the total Fermi surface (FS) becomes gapless for x = 0.05 and 0.2. These results 
are proposed to be understood in terms of a multiband-superconductivity (MBSC) model that 
assumes a full gap for part of the FS and the presence of point nodes for a small 4/ 2 -derived FS 
inherent in PrOs4Sbi2. The former could be relevant with FS existing in LaOs4Sbi2 and with 
the anisotropic gap with point nodes being markedly suppressed by either applying a magnetic 
field or substituting La for Pr. For La-rich compounds of x — 0.8 and 1, on the other hand, 
l/T-t a exhibits a coherence peak and the nodeless energy gap characteristic for weak-coupling 
BCS s-wave superconductors. With increasing Pr content, T c increases and the energy gap 
increases from 2Ao//cbT'c = 3.45 for pure La compounds up to 2Ao/£;bTc = 4.2 and 5.2 for 
the 60% Pr and 80% Pr compounds, respectively. The Pr substitution for La enhances the 
pairing interaction and induces an anisotropy in the energy-gap structure. The novel strong- 
coupling superconductivity in PrOs4Sbi2 is inferred to be mediated by the local interaction 
between 4/ 2 -derived crystal-electric-field states with the electric quadrupole degree of freedom 
and conduction electrons. This coupling causes a mass enhancement of quasi-particles for a 
part of FS and induces a small FS, which is responsible for point nodes in the superconducting 
gap function. Note that the small FS does not play any primary role for the strong-coupling 
superconductivity in PrOs4Sbi2. 

KEYWORDS: filled skutterudite, heavy fermion, superconductivity, impurity effect, NQR, PrOs4Sbi2 



1. Introduction 

A series of filled-skutterudite compounds have at- 
tracted much interest because of their unique proper- 
ties. For instance, Pr-based compounds show diverse 
physical properties such as metal-insulator transition, 
antiferroquadrupolar order, and heavy-fermion (HF) 
superconductivity. 1-7 Among them, PrOs4Sbi2 is the 
first example of a Pr-based HF superconductor with 
T c = 1.85 K. 8 The superconducting (SC) characteris- 
tics of PrOs4Sbi2 differ significantly from those of Ce- 
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and U-based unconventional HF SC compounds. The 
Sb nuclear-quadrupole-resonance (NQR) measurements 
showed an exponential decrease in the nuclear spin- 
lattice relaxation rate 1/Ti with no coherence peak at 
low temperatures associated with a well-developed gap. 9 
The London-penetration depth probed by muon-spin re- 
laxation was reported to decrease exponentially with de- 
creasing temperature. 10 Scanning tunneling spectroscopy 
also showed that an SC gap exists over a large part of 
the Fermi surface (FS). 11 The deviations from isotropic 
BCS s-wave behavior were however discussed in terms of 
a finite distribution of SC gaps. 

On the other hand, some other experiments revealed 
point nodes in the gap function; a London-penetration- 
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depth study showed a quadratic power-law behavior of 
A; thermal conductivity k measurement in a rotated 
magnetic field revealed the presence of two distinct SC 
phases with twofold and fourfold symmetries with point 
nodes. 12, 13 Furthermore, another SC state below T « 0.6 
K (T/T c k 0.3) was suggested from pronounced enhance- 
ments in lower critical field H c i(T) and critical current 
I C (T). In addition, the recent thermal transport mea- 
surement under a magnetic field pointed to a possibility 
of a multiband superconductivity (MBSC) from a unique 
magnetic field dependence of k similar to MgB2. 15 From 
these results, an order-parameter symmetry and a rele- 
vant energy-gap structure for PrOs4Sbi2 are not fully un- 
derstood yet. Apparently, these results differ from those 
of most other HF superconductors with a line node in 
the gap function. 16-19 

In contrast to Ce-based HF superconductors with the 
line-node gap, the crystal electric field (CEF) levels in 
PrOs4Sbi2 have a singlet-Fi ground state accompany- 
ing the very low-lying first-excited T^ 2 ' state, 20,21 with 
a quadrupole degree of freedom. Therefore, the HF-like 
behavior exhibited by PrOs4Sbi2 is considered due to 
a very small energy splitting AcefAb ~ 8 K between 

(2) 

Ti and T\ '. This is because PrRu4Sbi 2 is the conven- 
tional s-wave superconductor when the energy splitting 
AcEF/fcB ~ 70 K is one order of magnitude larger 
than that for PrOs4Sbi2- 6,7 Thus, in Pr-based com- 
pounds, the 4/ 2 -derived CEF effect plays an important 
role in their rich physical phenomena. Various experi- 
ments were reported for a series of P^Osi-zRu^Sb^ 
compounds, 22-24 where SC takes place for all Ru con- 
centrations x. A minimum of T c in these compounds is 
supposed to arise from the competition between the HF 
superconductivity of PrOs4Sbi2 and the BCS supercon- 
ductivity of PrRu4Sbi2- Sb-NQR T\ measurements pro- 
vided evidence of the existence of nodes in the SC gap 
for Pr(Osi_ :r Ru K )4Sbi2. 24 In contrast, a series of com- 
pounds (Pri_ :E La a ;)Os4Sbi2 provide an interesting op- 
portunity for obtaining insight into SC characteristics by 
abolishing the 4/ 2 derived coherence effect in pure com- 
pounds. This is because La substitution for Pr does not 
change Acef significantly, but disturbs the periodicity 
of Pr-4/ 2 -derived periodic lattice. 25 

The unique crystal structure of the filled-skutterudite 
(space group ImS) is that the Pr ion is located at the cen- 
ter of the cage formed by neighboring 12 Sb ions. The 
variation in the lattice constant for (Pri_ a; La a ;)Os4Sbi2 
is very small amounting to ~ 0.05% between the end 
components. 26-28 LaOs4Sbi2 shows a conventional s- 
wave superconductivity with T c = 0.74 K, 9 whereas 
PrOs4Sbi2 shows a novel superconductivity that differs 
from the previous examples showing an unconventional 
superconductivity with the line-node gap. Note that T c 
for a series of (Pri_ x La :c )Os4Sbi2 compounds decreases 
almost linearly as La concentration increases. 25 This re- 
sult is in contrast with the well known fact that the 
unconventional HF superconductors undergo a marked 
depression of T c by substituting La for Ce which elim- 
inates the 4/-clcctrons derived coherence effect in pure 
compounds. 29-31 In this paper, we report on the intimate 



evolution of electronic and SC characteristics in a series 
of (Pri_ :r La :c )Os4Sbi2 compounds through the Sb-NQR 
measurements . 

2. Experimental Procedures 
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Fig. 1. SC transition temperature T c as function of La concen- 
tration x. The broken line is a visual guide. 



Single crystals of PrOs4Sbi2 and LaOs4Sbi2 were pre- 
pared by the Sb-flux method. 27 The high quality of 
the sample was demonstrated by the observation of dc 
Haas-van Alphcn oscillations. 27 A series of compounds 
(Pr 1 _ x La 2 ,)Os4Sb 1 2 (x = 0.05,0.2,0.4,0.8) were pre- 
pared by the same method. The SC transition tempera- 
ture T c shown in Fig. 1 was determined by the midpoint 
of resistivity drop; T c = 1.85, 1.84, 1.80, 1.67, 1.07 and 
0.74 K for x = 0, 0.05, 0.2, 0.4, 0.8 and 1, respectively. For 
the Sb-NQR measurement, the samples were powdered 
to facilitate applied rf-field penetration. The Sb-NQR 
measurement was performed using the conventional spin- 
echo method at H — and in the temperature (T) range 
of T = 0.15 — 200 K using a 3 He- 4 He-dilution refrigera- 
tor. The NQR spectrum was obtained by integrating a 
spin-echo signal point by point as a function of frequency. 
The nuclear spin-lattice relaxation time T\ was obtained 
by the conventional saturation recovery method. 

3. Results and Analyses 

3.1 NQR spectrum 

Figure 2 shows the Sb-NQR spectra of 
(Pri_ x La 2: )Os4Sbi2 (x = 0, 0.05, 0.2, 0.4, 0.8 and 
1) at 4.2 K. Five NQR transitions are resolved for pure 
compounds (x = and 1). These five NQR transitions 
arise from the Sb isotopes 121 Sb and 123 Sb with re- 
spective natural abundances of 57.3% and 42.7%, the 
nuclear spins 1 = 5/2 and 7/2, the nuclear quadrupole 
moments 121 Q and 123 Q. Thus, two and three NQR 
transitions arise from 121 Sb and 123 Sb, respectively. The 
NQR Hamiltonian is described as 



hv Q 
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Table I. Experimental and calculated 26 values of 121 uq, 123 vq and r) for ReTx4Sbi2 (Re = La, Ce and Pr; Tx = Ru and Os). 
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Fig. 2. (a) 121 Sb- and 123 Sb-NQR spectra for 
(Pri_ a; La :I ;)Os4Sbi2 at 4.2 K. (b) An enlarged view of 
spectra at 123 Sb-2v Q (±5/2 <-> ±3/2) transitions. 
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where / is the nuclear spin, vq is the nuclear quadrupole 
frequency, and r\ is the asymmetry parameter. Here, 
V xx , V yy , and V zz are three components of the elec- 
tric field gradient (EFG) tensor. Table I shows a sum- 
mary of the 121 vq, 123 vq and n obtained from the NQR 
spectra of the filled-skutterudite antimonide compounds 
ReTx 4 Sbi2 (Re = La, Ce, Pr; Tx = Os, Ru) together 
with those estimated through band calculation by means 
of FLAPW-LDA. 9 ' 26 - 32 ' 33 The vq and rj of PrOs 4 Sbi 2 
obtained in this study are the same as those reported by 
Kotegawa et al. 9 Considering the fact that all the com- 
pounds indicate the same ratio of 123 vq/ 121 vq — 0.607, a 
nuclear quadrupole moment ratio of 123 Q/ 121 Q — 1.275 
is experimentally deduced. The calculated values are in 
good agreement with the experimental ones. 

The Sb-NQR spectra of (Pri_ 2; La :I ;)Os4Sbi2 split into 
two sets, arising from Sbi2 cages occupied by Pr and 
La (hereafter denoted as Pr and La cages, respectively). 
The Sb sites for Pr and La cages are denoted as Sb(l) 
and Sb(2), respectively. The low- frequency and high- 
frequency peaks in the two sets of spectra arise from 
Sb(2) and Sb(l), respectively, because the intensity of 



Table II. Experimental values 
(Pri_ I La :E )Os4Sbi2. 
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Sb(2) at the low-frequency peak becomes larger than that 
of the high-frequency one as La concentration increases 
as shown in Figs. 2(a) and 2(b). Thus site-selective 
NQR measurements enable us to extract the evolution 
of the local electronic state in Sb(l) and Sb(2). On the 
other hand, since the difference in lattice constant be- 
tween PrOs4Sbi2 and PrRu 4 Sbi2 is larger than that be- 
tween PrOs 4 Sbi 2 and LaOs4Sbi 2 , the NQR spectra of 
Pr(Osi_ x Ru x ) 4 Sbi2 are broader with more complicated 
spectral shape than those of the present compounds. 24 
In this context, Ru substitution for Os causes a large 
distribution of EFGs, giving rise to some crystal defects 
or crystal imperfection. The values of 123 vq and ij at 4.2 
K for (Pri_ K La 2: )Os 4 Sbi2 are summarized in table II. 

3.2 Sample dependence ofl/T\ for PrOs^Sb^ 

First, we deal with the sample dependence of 1/Ti 
for PrOs4Sbi2 which was reported to be saturated at 
low temperatures well below T c in our previous work. 9 
The sample in our previous work was crushed into fine 
powder for the NQR measurement to facilitate applied 
rf-field penetration. However, powdering could damage 
the sample. Thus, the present sample was crushed into 
coarse powder using a newly prepared sample. The NQR 
spectrum of the new sample, that exhibits a full width at 
half maximum of ~ 65 kHz, is three times narrower than 
for the previous sample, confirming the new samples bet- 
ter quality than before. Here, the previous and present 
samples are labeled #1 and #2, respectively. The SC 
transition temperature T c — 1.85 K are confirmed from 
the resistivity measurement to be the same for both sam- 
ples. 

T x for 123 Sb-2i/ Q transition (±5/2 <-> ±3/2) is uniquely 
determined from a theoretical curve for the recovery of 
the nuclear magnetization m(t) in which the asymmetry 
parameters are incorporated. 34 In the case of I = 7/2 
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Fig. 3. T dependences of 1/Ti for fine powder (open triangles) 
and coarse powder (closed circles) of PrOs4Sbi2. Inset shows a 
plot of (1/Ti) qp vs T. Here, (1/Ti) qp is the quasi-particle contri- 
bution to 1/Ti, which is evaluated from the relation (l/T) qp = 
(l/Ti) obs - .4exp(-A CEF /T) (see text). 35 



and n = 0.46, the recovery curve is given by 
M(oo) - M(t) 
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Figure 3 shows the T dependences of 1/Ti for #1 (open 
triangles) and #2 (closed circles). 1/Ti's for both sam- 
ples exhibiting the same T dependence, exponentially de- 
creases in the range of T = 0.7 ~ 1.85 K with no coher- 
ence peak just below T c . Note that the present sample 
shows a more pronounced decrease in 1/Ti than the pre- 
vious one; however, the saturation in 1/Ti was confirmed 
below T ~ 0.6 K for both samples. The 1/Ti = const. 
behavior at a very low T used to be associated with 
local magnetic fluctuations induced by some magnetic 
impurities. If this were the origin of 1/Ti = const, be- 
havior, 1/Ti would be suppressed by applying a small 
magnetic field because such local magnetic fluctuations 
are depressed by the field. However, the 1/Ti = const. 
in T = 0.2 - 0.5 K is enhanced at H ~ 0.1 T, which 
indicates that it is of intrinsic origin. In addition, note 
that a pronounced enhancement in H c \ (T) was reported 
at T ~ 0.6 K by Cichorek et al., 14 and a small decrease 
in the penetration depth was also reported by Chia et 
al. 12 These suggest an unknown intrinsic origin for the 
saturation of 1/Ti below T ~ 0.6 K. 

Figure 4(a) shows an Arrhcnius plot of the raw data 
of 1/Ti vs 1/T, demonstrating an exponential decrease 
following 1/Ti oc exp(-A /fc B T) down to 0.6 K be- 
low T c = 1.85 K. Note that 1/Ti m this compound 
is determined by two contributions to relaxation that 





Fig. 4. Arrhenius plots of 1/Ti vs 1/T for PrOs 4 Sbi 2 #2; (a) the 
raw data of Ti and (b) the quasi-particle contribution (Ti) qp (see 
text). Solid lines indicate the relation 1/Ti oc exp(— Ao/£.'p,T) 
with (a) A /fc B = 6.5 K and (b) A /k B = 6.4 K. 



arise from quasi-particles being responsible for the on- 
set of SC and low-lying CEF excitations as described by 
(1/TOofc = (1/Ti), p + Acx P (-A C ef/T). 35 The latter 
occurs because the CEF splitting between the singlet-Ti 

(2) 

ground state and the triplet-T^ first-excited state is as 
small as Acef ~ 8 K. Using Aqef = 8 K, (l/Ti) 9P is 
evaluated as shown in the inset of Fig. 3. (1/T\) qp shows 
an exponential decrease as shown in Fig. 4(b). The en- 
ergy gap 2A /fcBT c = 6.9 evaluated from the slope of the 
solid line reveals that PrOs4Sbi2 is a strong-coupling su- 
perconductor. Although various experiments suggested 
the presence of point nodes, the exponential decrease in 
(1/Ti) qp suggests that a full gap exists over a large part 
of the FS. 

3.3 Evidence of multiband superconductivity (MBSC) 

Next, we focus on the evolution of SC characteristics 
caused by La substitution for Pr. The recovery curve 
of nuclear-magnetization data for determining the Ti of 
Sb(l) in the Pr-cage cannot be fitted by eq. (4). There- 
fore, short and long components of Ti, Tf and T[ are de- 
duced from the superposition of two recovery functions 
described as, 
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I7.207A 
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where dj depends on NQR frequency and the La concen- 
tration x, but not on temperature. Figures 5(a) and 5(b) 
show the nuclear magnetization recovery data for x = 0.2 
at 1.95 K for Sb(l) and Sb(2), respectively. Because of a 
rapid decrease in Tf, the recovery data of Sb(2) can be 
fitted by almost single component with T\ as shown in 
the broken line in Fig. 5(b). Using the obtained T\ and 
eq.(5), Tf is determined from the recovery data of Sb(l). 
Both data are well fitted by eq.(5) using the same values 
of T\ and Tf and different values of a s and a; , as shown 
by the solid line in Fig. 5. The respective errors of T[ 
and Tf are estimated to be about 1 ~ 2% and 4 ~ 5% 
by least-squares optimization. 

Figure 6 shows the T dependences of 1/Tf for x — 0.05 
and 0.2. As expected, these 1/Tf's down to ~ 0.7 K 
(ps 0.4T C ) resemble the data of PrOs4Sbi2, which reveal 
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peaks of (a) Sb(l) and (b) Sb(2). The dotted and broken curves 
indicate the recovery curves due to the fast and slow relaxations, 

respectively. The solid curve indicates the sum of the two com- Fig- 7. Plots of (l/Tf r T)/(l/Tf r T) Tc vs T/T c for x = (ex- 
ponents, cles), x = 0.05 (squares) and x = 0.2 (triangles). 
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Fig. 6. T dependences of 1/T-f for (Pn_ x Laa;)Os4Sbi2; x = 
(circles), x = 0.05 (squares) and x = 0.2 (triangles). 



an exponential decrease in 1/Ti with the absence of a 
coherence peak just below T c . Therefore, hereafter, the 
1/T-f of Sb(l) is denoted as 1/Tf r . Note that a marked 
difference appears below ~ 0.6 K between l/T/^'s for 
x = 0.05 and 0.2 and the 1/Ti for the pure compound. 
The l/TfT = const, behavior for x = 0.05 and 0.2 
points to the appearance of residual density of states 
(RDOS) at the Fermi level induced by La substitution 
for Pr. 

Figure 7 shows the plots of (l/T p ' r T)/(l/T Pr T) Tc vs 
T/T c for x = 0, 0.05 and 0.2. The l/T Pr T = const, be- 
havior is seen below ~ 0.2T C for x — 0.05 and 0.2 with 
almost the same values. For most HF superconductors 
with line nodes, it was reported that non magnetic im- 
purities like La substitution for Ce induce RDOS in the 



SC state, and that RDOS increases as impurity content 
increases. 36 Here, note that RDOS is estimated using 



(TiTh 



N 



(TiT) 



low-T 
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where No is the DOS in the normal state estimated 
from (TiT) at T c , and iV rcs is the RDOS estimated from 
(T\T)i ow -t = const, being valid well below T c . 

For the present compounds, however, RDOS is invari- 
ant even though La content increases from 5% to 20%, 
which demonstrates that the origin of RDOS is not the 
impurity effect characteristic for unconventional super- 
conductivity that has been reported thus far. Rather, the 
appearance of RDOS which is insensitive to La content 
suggests MBSC as revealed in several experiments. 15,37 
If we assume an MBSC model where a large SC gap exists 
over a large part of the FS, but an anisotropic gap with 
point nodes exists only in a small part, it is supposed 
that the latter gap is suppressed by either applying the 
magnetic field or substituting La for Pr. Tentatively, the 
amount of the small part relative to the total of FS is 
estimated to be - 5.5% from yj (T( r T) T J (T{ r T)i ow _ T - 

In contrast to the result of Sb(l) in the Pr-cage, the 
1/Tf for Sb(2) in the La-cagc undergoes a remarkable 
concentration dependence as shown in Fig. 8. Here, note 
that the data below T c at x = 0.05 are not available be- 
cause of the poor signal-to-noise ratio due to the Meissner 
shielding effect. In the normal state, 1/T-f 's at x = 0.05 
and 0.2 approach the value of LaOs4Sb 12 above ~ 80 K, 
indicating that a 4/ 2 -electron-derived contribution ap- 
pears below ~ 80 K. Therefore, hereafter, 1/T-f of Sb(2) 
is denoted as l/Tj Lo . In the SC state, the T dependence 
of l/T/" 1 for Sb(2) resembles that for Sb(l) which reveals 
an exponential decrease with no coherence peak just be- 
low T c , followed by a l/T 1 La T = const, behavior below 
- 0.6 K. The same 2A/fc B T c = 5.2 is estimated for Sb(l) 
and Sb(2) for x = 0.2 with T c = 1.80 K. 
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Fig. 9. T dependences of l/T^ a for (Pri-^La^C^Sb^; (a) x = 1, (b) x = 0.8 and (c) x = 0.4. Solid lines in (a) and (b) indicate a 
calculation based on the BCS model incorporating a gap anisotropy: (a) 2Ao/fcp,T' c = 3.45 and (Ao — <5)/Ao = 0.30, (b) 2Ao/ kftT c = 
3.40 and (Aq — <5)/Ao = 0.68. The solid line in Fig. 9(c) indicates a calculation using the relation ex. exp(— Ag/k^T) with 

2A /fc B T c = 4.2. 
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Fig. 8. T dependences of 1/T[ for (Pri_ iE La I )Os4Sbi2; x = 0.05 
(squares), x = 0.2 (triangles) and x = 1 (circles). The solid 
line for x = 1 indicates a calculation based on the BCS model 
incorporating a gap anisotropy with 2Ao/fcBT c = 3.45 and (Ao — 
<5)/A = 0.30 (see text). 



3-4 Evolution of superconducting characteristics 
against La substitution 
Figure 9(a) shows the T dependence of 1/Ti for 
LaOs4St>i2 (x = 1), which obeys the Korringa relation, 
i.e., 1/T\T — const, in the normal state and shows an 
exponential decrease with a coherence peak just below 
T c = 0.74 K, characteristic of conventional BCS s-wave 
superconductors. The \jTy a result for x = 0.8 in Fig. 
9(b) also shows a coherence peak just below T c ss 1.05 
K, giving clear evidence of s-wave superconductivity in 
the case of the 20% Pr compound. However, the ampli- 



tude of the coherence peak becomes smaller than that of 
LaOs 4 Sbi2. 

In general, 1/T\ in the SC state is given by 

T lc = 2 
Ti 

T c , and N S (E) and M S (E) are 



c B-f c Jo 

where T± c is T\ at T 



[N?(E) + M 2 S {E)} f(E)(l - f(E))dE (7) 



respectively the quasi-particle DOS in the SC state and 
the anomalous DOS originating from the coherence effect 
of the transition probability characteristic for the singlet 
pairing state expressed as 

i r 

■. sin 9d9d<j), 



N S (E) = 



N(0) 



M S (E) 



4tt 



N(0) 
An 



VE 2 



(8) 



2tv 



A(9, 



sin 



(9) 

For the s-wave with an isotropic gap Ao, eqs. (8) and (9) 
diverge at E = Ao, giving rise to a divergence of 1/Ti 
just below T c . However, this divergence of 1/Ti is sup- 
pressed by the life-time effect of quasi-particles, which is 
ascribed to the electron-phonon and/or electron-electron 
interactions, and the anisotropy of the energy gap due to 
the crystal structure broadens the quasi-particle DOS. 

The l/Tf a, s below T c for x = 0.8 and 1 are fitted 
in terms of the BCS model with an anisotropy of energy 
gap amplitudes, as depicted in the insets of Figs. 9(a) and 
9(b), respectively. Since the presence of point-node gap 
is suggested for PrOs4Sbi2, a point-node-like anisotropy 
is assumed for their gap functions expressed as 



A(6) 



(A -6) sin 9, 



(10) 



where Ao and 5 are the maximum and minimum SC 
gaps, respectively. If 5 becomes zero, this gap function 
has the same shape as that in the 3 He A-phase with 
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two point-node gap. This model explains well the data 
for x = 1 and 0.8 as shown by the solid line in Figs. 
9(a) and 9(b) which were calculated using 2Ao/fcBT c — 
3.45 and 3.40 with (A - S)/A = 0.30 and 0.68 for 
x = 1 and 0.8, respectively. With further increase in Pr 
content up to x = 0.4, note that the coherence peak 
collapses as shown in Fig. 9(c), whereas energy gap is 
estimated as 2A = 4.2/cbT c by fitting the data below T c 
to 1/T^ a oc exp(— Ao/fceT) that is shown by the solid 
line in Fig. 9(c). These results reveal that the increase in 
Pr content suppresses the appearance of coherence peak 
due to the increase in 2Ao//cbT c and at the same time 
yields an anisotropy of the SC gap. This is because the 
Pr substitution for La makes a coupling-forming Cooper 
pair strong, leading to a strong-coupling superconductiv- 
ity in PrOs4Sbi2- 

Table III shows a summary of the SC properties of 
(Pri_ :E La K )Os4Sbi2. Here, 2\{j/k^T c is estimated using 
the anisotropic s-wave model for x = 0.8 and 1, and the 
relation oc exp(— Ao/fceT 1 ) for x < 0.6. Because of 
the continuous decrease in 1/Ti above T c , the determi- 
nation of T c from 1/Ti is difficult for x < 0.6, therefore, 
T c was determined from the midpoint of the resistivity 
decrease. 

4. Discussions 

4-1 Normal state properties 
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Fig. 10. T dependences of 1/TiT for (Pn_ 2 ,La :E )Os4Sbi2 (x = 0, 
0.05, 0.2, 0.4, 0.8, 1); (a) l/Tf r T at Sb(l) and (b) l/T 1 La T at 
Sb(2). 



To observe the evolution of normal and SC properties 
caused by La substitution for Pr, 1/TiT's for all contents 



are plotted in Figs. 10(a) and 10(b). For Sb(l) in the Pr 
cage, l/Tf^T's develop upon cooling below ~ 100 K. 
l/TfT's in (Pri_ a; La 2 ;)Os4Sbi2 show similar T depen- 
dences with a maximum at approximately 3 K regardless 
of La content, although the value for the peak is slightly 
smaller than the value for pure PrOs4Sbi2. These results 
reveal that Sb(l) is predominated by 4/ 2 -derived mag- 
netic fluctuations that are rather localized in the Pr cage. 
In contrast, l/T-^T's for Sb(2) in the La cage that are 
shown in Fig. 10(b) are markedly suppressed as La con- 
tent increases. Note that l/T 1 ia T for x — 0.05 exhibits a 
maximum at around 3 K as well as that at Sb(l). This 
means that Sb(2) in Pr-rich compounds is predominated 
by 4/ 2 -derived magnetic fluctuations, whereas Sb(2) in 
La-rich compounds is not affected by 4/ 2 -derived mag- 
netic fluctuations even though Pr content increases up 
to 0.2. These contrasting behaviors of 1/TiT are be- 
cause 4/ 2 -derived magnetic fluctuations are almost lo- 
calized in association with the low-lying CEF state with 
a quadrupole degree of freedom, which might be impor- 
tant for the unconventional SC state of PrOs4Sbi2. 

4-2 Novel superconducting characteristics 

One of the unconventional SC properties of PrOs4Sbi2 
is the absence of a coherence peak in 1/Ti just below 
T c . 9 It is, however, known that there are several rea- 
sons for this. For example, the coherence peak in the 
anisotropic s-wave superconductor CeRu2 is markedly 
suppressed because of the anisotropy of SC gap. 38 When 
this anisotropic SC gap is smeared out by substituting 
nonmagnetic impurities of Al for Ru, the coherence peak 
is enhanced. Furthermore, in the case of strong-coupling 
s-wave superconductors, the appearance of a coherence 
peak is suppressed due to the life time effect of quasi- 
particles through the electron-phonon damping channel. 
1/Ti of TlMo6Se7.5 shows an exponential decrease over 
four decades below 0.8T C with 2A = 4.5fcBT c , but does 
not exhibit the coherence peak just below T c . 39 From 
the large 2Ao = 6.9fcsT c , since PrOs4Sbi2 is classified 
as a strong-coupling superconductor, it is possible that 
the coherence peak is suppressed. Moreover, the fact 
that T c is almost invariant against substituting La for 
Pr suggests that an s-wave-like gap is predominant in 
PrOs 4 Sbi 2 . 

From other context, we present the evolution from 
weak-coupling superconductivity to strong-coupling su- 
perconductivity for the Pr substitution for LaOs4Sbi2. 
Figure 11 shows the T dependences of l/T 1 La T and the 
ac susceptibility Xac for the 20% Pr compound. The pro- 
nounced coherence peak in l/T 1 La T at T c w 1.05 K in- 
dicates that the s-wave superconductivity set in. Since 
T c for this sample (x — 0.8) is 1.4 times larger than 
T c = 0.74 K for LaOs4Sbi2, the Pr substitution increases 
T c . Furthermore, note that T° nset = 1.33 K below which 
the SC diamagnetism that appears is significantly larger 
than T c w 1.05 K, determined by Sb(2)-Ti measurement. 
Since the enhancement in T c is due to the Pr substitution, 
one reason the onset of superconductivity takes place at 
a temperature higher than the bulk T c is that the Pr cage 
enhances an SC pairing interaction via the local interac- 
tion between Pr ions and conduction electrons. 



8 J. Phys. Soc. Jpn. 



Full Paper 



Author Name 



Table III. Physical properties of (Pri_ a; La a ;)Os4Sbi2 compounds, x is the concentration of La. T c is an SC transition evaluated from 
the midpoint of the resistivity decrease. Sb(l) and Sb(2) are the respective sites forming Pr and La cages. 2Ao//cbT' c is evaluated using 
the anisotropic s-wave model for x = 0.8 and 1 (see the text), and using the relation 1/Ti oc exp(— Ao/fceT) for x < 0.6. N reB is the 

RDOS evaluated from the expression N ICS /N = J {T[ r T) Ta / (T[ r T) low _ T (see text). 
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Fig. 11. T dependences of \ac and l/T^ a T for x = 0.8. Xac was 
measured using an NQR coil at a resonance frequency of ~ 60 
MHz. 

Next we consider the possibility of MBSC in 
PrOs4St>i2. The l/T^T = const, behavior observed for 
x = 0.05 and 0.2 well below T c indicates the presence 
of RDOS, which is insensitive to La content, as shown 
in Fig. 7. In addition, the exponential decrease in 1/Tf r 
below T c is robust against La substitution for Pr. These 
results are consistent with a nodeless SC gap on the 
large part of FS which exists in both PrOs4Sbi2 and 
LaOs4Sbi2. The anisotropic SC gap with point nodes is 
relevant with the small part of FS inherent in PrOs4Sbi2, 
which amounts to ~ 5.5% of the total DOS. Since this 
small anisotropic gap collapses by either applying a mag- 
netic field or substituting La for Pr, the small FS inher- 
ent in PrOs4Sbi2 does not play any primary role be- 
cause T c does not appreciably decrease by La substi- 
tution for Pr. From these results, it is apparent that 
the HF superconductivity of PrOs4Sbi 2 differs from the 
previous examples where a ^-electron-derived HF band 
plays an important role. Instead, the MBSC model is 
rather promising for interpreting the novel SC proper- 
ties of (Pri_ :c La a; )Os4Sbi2. 

5. Conclusions 

We have reported on the systematic evolution of 
normal-state properties and SC characteristics in the 
filled-skutterudite compounds (Pri_ a La x )Os4Sbi2, de- 



termined using Sb nuclear-quadrupole-resonance (NQR) 
experiments. The temperature dependence of 1/Ti of Sb 
nuclei was separately measured for Pr and La cages. In 
the normal state for Pr-rich compounds of x = 0.05 and 
0.2, the T dependence of 1 /T 1 Pr T for Pr cage has revealed 
almost the same behavior as that for pure PrOs4Sbi2 
regardless of the increase in La content. In contrast, 
the l/T 1 La T for La cage is strongly suppressed with in- 
creasing La concentration. These results show that 4/ 2 - 
derived magnetic fluctuations are almost localized at the 
Pr site. In their SC state, \ jT^ r exponentially decreases 
down to T = 0.7 K with no coherence peak below T c 
as well as in PrOs4Sbi2. The remarkable finding is that 
RDOS at the Fermi level below T c is induced by La 
substitution for Pr. From the fact that the amount of 
RDOS does not increase and T c does not decrease with 
an increase in La content, it is concluded that the RDOS 
induced by La substitution is not due to the impurity 
effect used to be observed in unconventional supercon- 
ductors with the line-node gap. Rather, a small part of 
the FS which contributes to ~ 5.5% of the total DOS 
is suggested to become gapless for x = 0.05 and 0.2, 
yielding RDOS. These results are understood in terms 
of the multiband superconductivity (MBSC) model that 
has been proposed recently from the thermal-transport 
measurement under a magnetic field. For La-rich com- 
pounds of x = 0.8 and 1, on the other hand, the 1/Ti a 
results exhibit a coherence peak and the nodeless energy 
gap characteristic for weak-coupling BCS s-wave super- 
conductors. With increasing Pr content, T c increases and 
the energy gap increases from 2Ao/fcBT c = 3.45 for the 
pure La compound to 2Ao//cbT c = 4.2 and 5.2 for the 
60% Pr and 80% Pr compounds, respectively. The Pr 
substitution for La enhances the pairing interaction and 
introduces an anisotropy into the energy-gap structure. 
These results are proposed to be understood in terms of 
the MBSC model which assumes a full gap for the large 
part of FS and the presence of point nodes for the small 
4/ 2 -derived FS inherent in PrOs4Sbi 2 . The FS existing 
in PrOs4Sbi2 could be successively connected to a part 
of the FS in LaOs4Sbi2, and the anisotropic gap with 
the point nodes inherent in PrOs4Sbi2 is markedly sup- 
pressed by either applying the magnetic field or substi- 
tuting La for Pr. The novel strong-coupling superconduc- 
tivity in PrOs4Sbi2 is suggested to be mediated by the 
local interaction between 4/ 2 low-lying CEF states with 
the electric quadrupole degree of freedom and conduc- 
tion electrons. This coupling causes a mass enhancement 
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of quasi-particles for the large part of FS and induces 
the small FS with point nodes in the SC gap function 
of PrOs4Sbi 2 . However, this small FS does not play any 
primary role for the strong-coupling SC in PrOs4Sbi 2 
because the collapse of this anisotropic gap due to the 
substitution of La for Pr does not decrease T c apprecia- 
bly. In this context, it is concluded that PrOs4Sbi2 is the 
multiband superconductor with a well-developed gap on 
the large part of FS and the anisotropic gap on the small 
FS. 
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